Abstract. Consumption of monensin-containing feed contaminated with macrolide antibiotic residues resulted in the death of cattle from multiple feedlots in south-central Kansas. Cattle were fed milo dried distiller's grains (DDG) with solubles from a common source in conjunction with the ionophore antibiotic, monensin. Deaths occurred as early as 72-96 hours after feeding and were preceded by either no premonitory signs or 1 or more of the following: anorexia, depression, dyspnea, locomotor deficits, and recumbency. Significant gross lesions were pulmonary and mesenteric edema, hepatomegaly, and generalized myocardial and skeletal muscle pallor that was confirmed histologically as acute myodegeneration and necrosis. Other significant histologic lesions included centrolobular hepatocellular necrosis, congestion, and pulmonary interstitial and alveolar edema with fibrin exudation. Animals that survived beyond 6 weeks had poor weight gain and coalescing foci of myocardial fibrosis with residual myocardial degeneration. Analysis of trace mineral supplements for monensin were within the manufacturer's label range. The DDG samples from affected feedlots had 50-1,500 ppm of erythromycin, clarithromycin, and related macrolide antibiotic analogues, which originated in the alcohol residue. In a preliminary feeding trial, cattle fed this contaminated DDG in combination with monensin had clinical signs and died with gross and histologic findings comparable to those of the field cases. Even though rations supplemented with the contaminated DDG contained approved levels of monensin, the clinical and postmortem findings were consistent with those expected for monensin toxicosis. The presence of macrolide antibiotic residues in the contaminated feed appeared to affect the biotransformation of otherwise nontoxic levels of monensin, leading to clinical ionophore toxicosis.
Monensin is a carboxylic ionophore antibiotic produced by the fungus Streptomyces cinnamonensis. 10 Although developed as a poultry coccidiostat, monensin has beneficial growth-promoting properties when fed to cattle. Feeding of monensin to cattle markedly changes the proportions of volatile fatty acids in the rumen. Decreases in acetic acid and butyric acid are accompanied by an increase in propionic acid, which is the most efficiently utilized of the ruminal fatty acids. 17 When monensin is fed at 5-30 g/ton, cattle weight gains can be maintained with significant decreases in feed intake, resulting in significant feed savings. 34 Other reported beneficial effects of feeding monensin to cattle include reduction in the incidences of bloat, rumen acidosis, and tryptophan-induced acute bovine pulmonary emphysema and edema and increased reproductive efficiency. 8, 9, 20, 22 The toxicity of monensin for cattle and other species is well documented and is known to be dose dependant. 31 Ionophore toxicosis is usually the result of accidental contamination of feed and feed supplements or errors in feed mixing. 4, 23 The monensin LD 50 for cattle ranges from 21.9 to 50-80 mg/kg of body weight. 1, 16, 21 Consistent lesions associated with monensin toxicosis in cattle are cardiac and skeletal muscle degeneration and necrosis with secondary lesions from acute cardiac failure or chronic cardiovascular insufficiency. 20, 23, 30 Intoxication of feedlot cattle occurred from feeding macrolide antibiotic-contaminated dried distiller's grains (DDG) in conjunction with monensin. This case is unique because clinical signs, gross necropsy, and histologic findings were consistent with monensin toxicosis, but monensin concentrations in the ration were within the range approved as a feed-supplement for cattle. In this field case, monensin contributed to death of cattle that were fed DDG that was inadvertently contaminated with alcohol residue containing macrolide antibiotics.
Materials and methods
Postmortem examinations were performed on selected cattle from 2 feedlots where clinical signs and deaths were observed. Two mixed-breed steers from feedlot A were from pens containing animals fed suspect feed and showing clinical signs of toxicosis. The animals were necropsied 5 days following the initial feeding of the suspect feed. Three animals that survived the acute exposure were presented 6 wk later for euthanasia and necropsy. From feedlot B, 2 dead steers and 1 live steer were presented for necropsy and treatment, respectively. These animals were presented on the sixth day on which the suspect feed was utilized and were Figure 1 . Thoracic cavity of a mixed-breed steer from feedlot A that was euthanized and necropsied 7 days following feeding of a ration containing contaminated DDG and monensin. Lungs were wet and heavy, with marked interlobular pulmonary edema (arrowhead).
selected from pens of animals showing clinical signs. Euthanasia and postmortem examination were elected for the surviving steer after 14 days of unsuccessful supportive therapy.
Tissues and rumen contents from all animals necropsied were submitted either fresh or frozen for laboratory testing. Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 m, stained with hematoxylin and eosin (HE), and examined by light microscopy. Selected sections of affected skeletal and cardiac muscles were stained with Masson's trichrome. Liver, kidney, and lung tissues were cultured for viruses and bacteria. Lung tissue was screened for infectious bovine rhinotracheitis virus (IBRV), 4 parainfluenza 3 virus (PI 3 V), bovine respiratory syncitial virus (BRSV), and bovine viral diarrhea virus (BVDV) by fluorescent antibody tests. All feed samples including suspect DDG and supplements, were submitted to multiple reference laboratories for toxicologic analysis.
A feeding trial by feedlot owners and the referring veterinarian was initiated to determine if monensin-containing mineral supplements potentiated the effects of the suspect DDG. Two groups of 3 animals each (average body weight ϭ 295 kg) were fed suspect DDG (2.25 kg/head/day) and silage (16.34 kg/head/day) alone (group 1) or supplemented with a trace mineral mix containing monensin (0.15 kg/kg mineral mix).
Group 1 animals had been held off monensin for 3 wk prior to the trial. Group 2 animals had received monensin for 12 days prior to the start of the experiment. Total feed consumption per pen was recorded, and animals were monitored for clinical signs comparable to those in the naturally occurring cases. Tissues from animals that died were examined grossly, and sections were fixed in 10% neutral buffered formalin and processed for histopathologic examination as previously described.
Results
Clinical history and findings. Feedlot A fed 988 head of mixed-breed stocker cattle and calves. Calves were fed milo silage, prairie grass hay, and 0.68 kg/ head/day of DDG with solubles as a protein supplement (28% crude protein fed as is) and a trace mineral supplement containing monensin (label claim 1,050 g/ ton). Pens contained tanks fed by running well water.
Milo DDG with solubles, a byproduct of a local alcohol fermentation plant, had been fed for approximately 1 year previously with no adverse affects. The suspect DDG from the same source was a recent shipment. Animals were found dead as early as 3 and 4 days after feeding and showed few or no premonitory signs. Six days after initiation of feeding the recently formulated feed, 52 animals were found dead, and the majority of others had mild to severe clinical signs. Two hundred recently arrived calves, which had not yet been fed the suspect ration, were normal and remained so throughout the reporting period. By 8 days after the initial exposure, Ͼ200 deaths had occurred, and by 12 days, Ͼ415 deaths had occurred. By the end of the reporting period of 8 weeks, 562 of the initial 988 cattle had died in feedlot A.
Acutely affected animals were gaunt and had 1 or more of the following clinical signs: depression, anorexia, stiff gait with weakness, recumbency, dyspnea, tachypnea, and occasional coughing. On-farm necropsies by the referring veterinarians revealed myocardial hemorrhage, interlobular pulmonary edema, swollen liver, hemorrhagic enteritis, and dark brown urine.
Feedlot B fed 500 head of mixed-breed calves. Animals were fed a recent DDG shipment originating during the same time period and from the same source as that described for feedlot A. Death losses were first seen 5 days postexposure and totaled 40 by 14 days postexposure.
Gross pathology. Two calves from feedlot A were presented alive for euthanasia and necropsy on day 7 postexposure. They were alert with mild tachypnea, and gross findings were similar for both. Mild hydrothorax and hydropericardium were present with severe bilateral interlobular pulmonary edema (Fig. 1) . The caudal lung lobes had moderate pleural and subpleural parenchymal reddening with coalescing ecchymotic hemorrhages. Generalized full-thickness myocardial pallor was present, with pale streaking that was most severe in the left and right ventricular free walls and the septum (Fig. 2 ). Multifocal to coalescing petechial and ecchymotic hemorrhages of the ventricular epicardium extended into the epicardial fat. Livers were enlarged and pale, with an accentuated lobular pattern. There was marked edema of hepatic and mesenteric lymph nodes (Fig. 3) . The gall bladder wall was thickened to 1.5-2.5 cm by transmural edema fluid. Skeletal muscle was soft but otherwise grossly normal. The following were normal: brain, oral cavity, esophagus, Peritoneal cavity of a steer from feedlot A that was euthanized and necropsied 7 days following consumption of a ration containing contaminated DDG and monensin. The liver was enlarged and pale (arrowhead). The gall bladder wall and mesentery at the liver hilus were thickened and edematous (arrows). trachea, small intestine, forestomachs, spiral and descending colon (congestion), pancreas, kidney adrenal glands, urinary bladder, and urine.
From feedlot B, 2 dead steers and 1 live steer were presented for necropsy and treatment, respectively. The surviving animal had ventral abdominal and brisket subcutaneous edema, harsh, moist lung sounds on auscultation, anorexia, hyperhidrosis, and pyrexia (102.5-103.8 F) for several days. The steer died approximately 2 weeks following exposure to the suspect feed, despite supportive therapy, and was presented for necropsy.
All 3 feedlot B animals had gross lesions comparable to those previously described, but in addition they had diffuse pallor and softness of skeletal muscles, which was most severe in the medial and lateral thigh muscles (vastus lateralis, vastus medialis, semimembranosus, semitendinosus, and biceps femoris) (Fig. 4) . Diffuse myocardial pallor was accompanied by soft and flaccid ventricular free walls. Marked cranioventral sternal and abdominal subcutaneous edema was seen in the treated calf at necropsy.
Histopathology. Animals from both feedlots had comparable histologic lesions. In the heart (Fig. 5 ) and skeletal muscle (Fig. 6 ) there was extensive myofiber degeneration and necrosis. Affected fibers were fragmented, hypereosinophilic, and hyalinized, with a loss of cross striations and nuclear pyknosis. In some areas hypercontraction bands were prominent. Hypercellular foci were characterized by macrophage engulfment of degenerate and necrotic fibers and were accompanied by lymphocytes and few neutrophils and plasma cells. Interlobular septa and subpleural spaces of all lung sections examined were widened by edema fluid and accompanied by lymphangiectasia. Alveoli were filled with fibrin, edema fluid, extravasated erythrocytes, and few neutrophils, macrophages, and lymphocytes. Interalveolar walls were mildly thickened with edema fluid and fibrin and had individual cell necrosis. Pulmonary arterioles occasionally had thickened walls with fibrinoid degeneration and endothelial necrosis and swelling.
Midzonal to centrolobular foci of hepatocellular necrosis were predominate, but in 1 animal more extensive necrotic foci coalesced between portal triads. Periportal hepatocytes were degenerate and characterized by acidophilic, hyalinized, and shrunken cytoplasm with perinuclear vacuoles. Sinusoids occasionally were occluded by fibrin thrombi and intraluminal neutrophils.
The gall bladder wall and associated mesentery were markedly thickened by edema fluid and had mild, smooth muscle degeneration and necrosis. Mild to moderate numbers of lymphocytes and plasma cells infiltrated the gall bladder lamina propria and submucosa.
In kidneys, multifocal hemorrhage in the medulla and renal pelvis was mild. Mild multifocal epithelial necrosis of collecting tubules was accompanied by intraluminal amphophilic proteinaceous fluid. Mild, acute segmental nephrosis was characterized by tubular epithelial vacuolation and nuclear pyknosis. Renal arterial and arteriolar endothelium was plump, and glomerular capillary tufts had increased cellularity and mild mesangial thickening. Generalized interstitial hyperemia and edema were mild.
Sections of lymph node were diffusely edematous, with mild lymphofollicular hyperplasia and multifocal hemorrhage at the corticomedullary junction. Microbiologic assays. Bacterial and viral cultures of liver, kidney, lung, spleen, and lymph node from all animals were negative. Fluorescent antibody examination of tissues was negative for infectious bovine rhinotracheitis virus, bovine viral diarrhea virus, parainfluenza virus type 3 and bovine respiratory syncitial virus.
Toxicologic assays. Feed samples from feedlot A contained Ͻ3.6 g/ton (below detectable limits) of monensin, lasalocid, narasin, and salinomycin, as determined by gas chromatography and mass spectroscopy (GC-MS) and high-performance liquid chromatography (HPLC) with photo diode array and fluorescence detectors. a,b The mineral premix contained 927 g/ton of monensin, which was 88.3% of the label claim of 1,050 g/ton. a No organochlorine or organophosphate pesticides, selected carbamates, drugs, or other compounds of toxicologic significance were detected by GC-MS. b Screening of suspect DDG was negative for the following mycotoxins: vomitoxin, T-22 tetraol, fusarenone-x, 3-acetyl DON, 15-acetyl DON, DAS, T-2 triol, T-2 toxin, iso T-2 toxin, scirpentriol, nivalenol, 15-acet-scirp, neosolaniol, HT-2 toxin, acetyl T-2, zearalenol, zeralenone, aflatoxin, and fumonisin B 1 . c Eight rumen content samples had a pH range of 7.4-5.8 and were negative by bioautography screen for erythromycin and by GC-MS screen for other compounds of toxicologic significance. b However, GC-MS and HPLC confirmed the presence of erythromycin and related compounds in DDG samples, but they were not quantitated. b In addition, alcohol processed at the same time the DDG was manufactured contained erythromycin and related compounds and fusel oil but no petroleum hydrocarbons. d Bioautography screening was positive for erythromycin-like compounds in DDG samples. b Further quantitation of erythromycin and related compounds by plate cylinder assay was performed on suspect DDG, normal DDG, and the alcohol. b Normal DDG was negative for erythromycin equivalent, but 2 samples of suspect DDG from feedlot A contained 130 ppm and 150 ppm extractable erythromycin equivalent compounds. The alcohol was positive for erythromycin by bioautography screen, and a plate cylinder assay confirmed a content of 1.3% erythromycin equivalent compounds.
Follow-up observations. Three chronically affected animals from feedlot A were submitted live for euthanasia and necropsy 6 weeks following the initial exposure. Animals were thin but alert and ambulated normally. At necropsy, all animals had coalescing, opaque, pale foci in the myocardium of the right and left ventricular free walls (Fig. 7) . No other gross le- . Total feed consumption of 2 groups of 3 steers, each fed a ration containing contaminated DDG and silage with (solid line; group 2) and without (dashed line; group 1) 200 mg/head/day rumensin in a mineral premix. Group 1 steers had total feed consumption of 56.75 kg/day for up to 9 days. Group 2 steers had normal feed consumption until day 5, but consumption then decreased until day 8, when feed consumption was zero. Arrows indicate the days of group 2 animal deaths. sions were present. Histologic sections of ventricular myocardium confirmed extensive, coalescing foci of myocardial fibrosis and myocardiocyte loss. Residual myocardiocyte degeneration was characterized by central or perinuclear clear zones (Fig. 8) , fiber shrinking, and loss of cross striations. Sections of skeletal muscle and liver had no significant residual histologic lesions.
Feeding trial. Feed consumption in groups 1 and 2 was equal, at 6.8 kg DDG and 50 kg silage per day, until day 4. Then silage consumption decreased from 50 to 36.3 kg in the group 2, those receiving mineral premix with monensin (Fig. 9) . In group 2, feed consumption stopped by day 5, and 1 steer was found dead on day 7. All 3 animals in group 2 died by day 8, but those in group 1, which was not receiving monensin, had normal feed consumption through day 8 with no clinical signs.
Tissues from 2 of the 3 dead steers were examined grossly and microscopically; the third was excluded from examination because of severe postmortem autolysis. Gross and histologic lesions in heart, lungs, liver, and skeletal muscle in group 2 animals were comparable to those described earlier in the naturally occurring cases.
Discussion
This investigation showed that interaction between the ionophore antibiotic monensin and compounds contained in the DDG was responsible for the deaths of cattle in several feedlots in Kansas. The animals described here were from the 2 most severely affected feedlots. The DDG was produced during a 10-day period when the soluble fraction reclaimed from alcohol waste was added to milo distiller's grains and dried to be used for animal consumption. The alcohol was a byproduct from manufacturing of the macrolide antibiotics erythromycin and clarithromycin. Samples of the waste alcohol were yellow and contained between 50 and 1,500 ppm of erythromycin and related analogues. b,e A feed-related toxin was suspected early in the investigation because of the large number of animals with sudden onset of clinical signs and the deaths of animals receiving the suspect feed. This suspicion was supported by the lack of clinical signs and death loss in the 200 head of recently arrived cattle that remained unaffected when restricted from the suspect diet. The DDG was suspected based on the clinical history of multiple feedlots receiving shipments of DDG from the single source in a brief period.
Monensin toxicosis in cattle often is associated with feed-mixing errors that result in excess levels being added to feed. Further questioning of owners revealed that feedlots with affected cattle fed monensin-containing trace mineral supplements from different sources, thus making mixing errors unlikely. Chemical analyses confirmed that the monensin-containing feed supplements had less than the label claim for monensin, and levels were within the concentration for cattle approved by the Food and Drug Administration. Other ration components were negative for monensin or related ionophores.
Based on the necropsy findings and clinical history, a compound mimicking monensin in its toxic effects was suspected. An alternative explanation was that interactions between monensin and an unidentified compound in the suspect DDG rendered the recommended growth-promoting levels of monensin toxic. Animal protein, furazolidone, tiamulin, macrolide antibiotics, and neomycin-permethrin can potentiate ionophore toxicity in various species of animals. 2, 3, 5, 35 Samples of suspect DDG contained residues of the antibiotics erythromycin and clarithromycin and related analogs. Erythromycin and clarithromycin belong to the macrolide class of antibiotics. The adverse reactions associated with feeding monensin and tiamulin, another macrolide antibiotic, are well recognized in poultry and swine. 7, 15, 33 Administration of macrolide antibiotics in combination with monensin resulted in decreased performance and increased mortality in chicks and skeletal muscle lesions consistent with monensin toxicosis. 27 In swine, monensin toxicosis with characteristic muscle lesions has been related to concurrent administration of tiamulin. 33 The susceptibility of animals to monensin toxicosis is partly dependent on the tissue levels of vitamin E and selenium prior to monensin administration. 19 In swine and cattle, pretreatment with vitamin E and selenium alleviates the effects of monensin toxicosis. 28, 29 Pretreatment of swine with vitamin E alone protects against monensin-induced skeletal muscle damage but does not alter the clinical signs associated with acute monensin toxicosis. 33 Conversely, monensin can potentiate selenium toxicity by competing with its hepatic biotransformation. 13 The vitamin E and/or selenium levels or the incompatibility with other drugs, particularly macrolide antibiotics, may explain the wide range in the reported LD 50 for monensin in cattle.
The mechanisms of macrolide antibiotic potentiation of ionophore toxicosis is unknown. One hypothesis is that macrolide antibiotics delay clearance of monensin by the liver, resulting in accumulation to toxic levels. Tiamulin selectively inhibits oxidative hepatic metabolism of steroids and other drugs in vitro. 35 In a rat liver perfusion model, pretreatment with tiamulin prolonged the clearance of monensin in bile by 60%, but tiamulin clearance was unchanged. 15 Reduced conduction velocity of peripheral nerves and alterations in electrocardiograms of broiler chickens fed monensin and tiamulin were attributed to reduced metabolism and enhancement of the biological half-life of monensin. 14 Macrolide antibiotics, including erythromycin, induce hepatic microsomal enzymes in laboratory animals, thus leading to the formation of inactive cytochrome P 450 complexes and thus impairing clearance of drugs metabolized by the liver. 18 Ionophores are localized and metabolized in the liver and have cardiac and skeletal muscle ionotropic effects. 32 For monensin and nigericin, ionotropy results from catecholamine release. 6, 25 Monensin causes the translocation of atrial secretory granules, although it has no effect on the granule secretory process. 12 This process is independent of calcium concentration because calcium depletion does not affect secretory granule translocation.
Excess cardiac or skeletal ionotropy is associated with toxicity and the death of cardiac myocytes. 24 Cytotoxicity of isolated rat cardiac myocytes required extracellular calcium at approximately physiological concentrations and sodium Ն50% physiological concentrations. The initial morphologic change was intracellular blebbing, possibly from alterations in the Golgi apparatus. High does of lasalocid abolished the myocardial sarcomere pattern and produced cardiac arrest in diastole. 26 Type I skeletal muscle fibers were most vulnerable in swine, but ionophore toxicity affects both cardiac and skeletal muscles. 32 However, in different species, clinical expression may be due to cardiac muscle or skeletal muscle involvement, or both.
Monensin toxicosis must be differentiated from conditions with similar clinical signs and postmortem lesions. The clinical signs and postmortem findings of monensin toxicosis can be mimicked by other ionophores, toxic plants, and vitamin and/or mineral deficiencies that cause skeletal and cardiac muscle degeneration and necrosis. All components of the ration in this investigation were free of the ionophores lasalocid, narasin, and salinomycin. Ingestion of the beans of senna or coffee senna can cause myodegeneration and muscle necrosis, although myocardial involvement is not a prominent feature. 11 The large number of animals involved at different locations was not consistent with the effect of toxic plants. Several species of toxic plants, including Taxus spp., vetch, and Cassia spp., and the protein supplement gossypol that can produce comparable muscle lesions were considered but were not detected during extensive surveys of feedlots, forage, and rumen contents.
Vitamin E/selenium deficiency is associated with a well-recognized syndrome of nutritional myopathy or white muscle disease. Nutritional myopathy occurs sporadically, resulting in skeletal and cardiac degeneration, necrosis, and usually mineralization. Myofiber mineralization was not a prominent microscopic feature of these cases, even in chronic cases. Likewise, the diffuse involvement of skeletal and cardiac muscle was not typical of nutritional myopathy, although vitamin E and selenium levels in fresh tissues were not determined. The DDG was negative for heavy metals, excessive selenium, and other potentially toxic minerals by the inductively coupled plasma screen.
An interaction between the DDG and the monensincontaining mineral supplements was suggested by our epidemiologic investigations. The severe lesions and death losses occurred in animals receiving the suspect DDG and monensin-containing supplements in field cases. In addition, the clinical syndrome and the postmortem lesions were reproduced by feeding animals the suspect DDG supplement in conjunction with manufacturer-recommended levels of monensin. The results were consistent with ionophore toxicosis from delayed clearance or altered biotransformation of monensin from concurrent feeding of DDG contaminated with macrolide antibiotics. 
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